The Mayo Clinic SCAD Registry was used to perform this study on approval by the Mayo Clinic Institutional Review Board. Patients aged ≥18 years with angiographically confirmed SCAD verified after independent review by 2 experienced observers (R.G. and M.F.E.) between 1979 and 2013 were included in the analysis. Clinical data were obtained Background-Spontaneous coronary artery dissection (SCAD) is an increasingly recognized nonatherosclerotic cause of acute coronary syndrome. The angiographic characteristics of SCAD are largely undetermined. The goal of this study was to determine the prevalence of coronary tortuosity in SCAD and whether it may be implicated in the disease. Methods and Results-Patients with confirmed SCAD (n=246; 45.3±8.9 years; 96% women) and 313 control patients without SCAD or coronary artery disease who underwent coronary angiography were included in this case-control study. Angiograms were reviewed for coronary tortuosity and assigned a tortuosity score. Tortuosity was common in patients presenting with their first SCAD event (78% versus 17% in controls; P<0.0001; tortuosity score, 4.41±1.73 versus 2.33±1.49 in controls; P<0.0001) despite a low prevalence of hypertension (34%). Recurrent SCAD (n=40) occurred within segments of tortuosity in 80% of cases. Severe tortuosity (≥2 consecutive curvatures ≥180°) was associated with a higher risk of recurrent SCAD (hazard ratio, 3.29; 95% confidence interval, 0.99-8.29; P=0.05). Tortuosity score >5 was associated with a trend toward higher risk of recurrent SCAD (P=0.16). Prespecified angiographic markers of tortuosity including corkscrew appearance and multivessel symmetrical tortuosity were associated with extracoronary vasculopathy including fibromuscular dysplasia (P<0.05 for both). Conclusions-Coronary artery tortuosity is highly prevalent in the SCAD population and is associated with recurrent SCAD. Recurrent SCAD most often occurs within segments of tortuosity. Angiographic features of SCAD are associated with extracoronary vasculopathy, including fibromuscular dysplasia. These findings suggest that coronary tortuosity may serve as a marker or potential mechanism for SCAD. (Circ Cardiovasc Interv. 2014;7:656-662.)
S pontaneous coronary artery dissection (SCAD) is an increasingly recognized cause of acute coronary syndrome affecting a young, apparently healthy population. 1, 2 SCAD can involve dissection within the coronary media, with intramural hematoma formation, coronary intima, or both. 2, 3 An intimal dissection is often absent on angiography, with only the appearance of a diffuse stenosis, making the diagnosis of SCAD a challenge. 4 Although intramural hematoma involving the outer two thirds of the media is the most common pathological finding, anatomic abnormalities, if any, predisposing to SCAD remain unknown. An association between SCAD and fibromuscular dysplasia (FMD), another increasingly recognized nonatherosclerotic vascular disease, has been reported. 2, [5] [6] [7] Data regarding the fundamental clinical features and pathophysiology of this unique syndrome that may enhance diagnostic and lead to therapeutic strategies are critically needed. In our clinical observation, patients with SCAD often exhibit coronary tortuosity; however, the prevalence and degree of coronary tortuosity in this population has not been studied to date.
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The aim of this study was to test the hypotheses (1) that patients with SCAD exhibit a high prevalence of coronary artery tortuosity, and (2) that the presence of coronary tortuosity may be implicated in the recurrence of this syndrome. Accordingly, we evaluated the prevalence, degree, and clinical implications of coronary artery tortuosity in a large population of patients with SCAD. from review of patient medical records and from patient-completed surveys. Connective tissue disease was defined as either a known connective tissue disorder (eg, Marfan syndrome) or a history of systemic autoimmune/inflammatory disease (eg, systemic lupus erythematosus). A control group of patients with similar mean age and sex prevalence who underwent coronary angiography and invasive endothelial function testing at Mayo Clinic from September 1995 to September 2010 was included for comparison of angiographic characteristics.
Angiographic Evaluation
All patients underwent coronary angiography using conventional 5-6F catheters. Angiograms were reviewed by at least 2 nonblinded reviewing cardiologists. Patients entering the study were required to have isolated SCAD as opposed to SCAD with associated coronary atherosclerosis. Criteria for angiographic definition of SCAD were the presence of a noniatrogenic dissection plane together with the absence of coronary atherosclerosis. In cases where intravascular ultrasound or optical coherence tomography were used, diagnosis of SCAD was confirmed by identification of a dissection flap, intramural hematoma, and absence of atherosclerosis. Femoral angiograms performed for vascular closure device placement were reviewed in detail for evidence of FMD of the iliac or femoral vessels. Clinical records were additionally reviewed for computed tomography (CT) and MRI screening examinations to detect the presence of extracoronary vasculopathy when available.
Tortuosity Definitions
Tortuosity was defined by the presence of ≥3 consecutive curvatures of 90° to 180° measured at end-diastole in a major epicardial coronary artery ≥2 mm in diameter ( Figure 1 ). 8 Severe tortuosity was defined as ≥2 consecutive curvatures of ≥180° in a major epicardial coronary artery ≥2 mm in diameter ( Figure 1 ). 9 Mild tortuosity was defined as either ≥3 consecutive curvatures of 45° to 90° in a major epicardial coronary artery, or ≥3 consecutive curvatures of 90° to 180° in an artery <2 mm in diameter. The tortuosity score was calculated as a sum of scores for each major epicardial coronary artery (left anterior descending, left circumflex, right coronary artery, or left posterior descending) with 0=no tortuosity, 1=mild tortuosity, 2=tortuosity, 3=severe tortuosity.
Based on our observations from reviewing a large number of patients with SCAD, we identified additional markers of tortuosity. Intravessel symmetry sign was defined as the presence of symmetrical curvatures of similar angle throughout the course of a coronary artery ( Figure 2 ). Multivessel symmetry sign was defined as the presence of symmetrical curvatures of similar angle throughout the course of multiple coronary arteries, with an angiographic appearance resembling the tentacles of a Portuguese Man of War ( Figure 2 ). Corkscrew sign was defined as a helical course of a coronary artery ≥360° perpendicular to the epicardial plane ( Figure 2 ). Additional recorded angiographic features included an irregular vessel lumen appearance suggestive of coronary FMD and coronary artery microaneurysms ( Figure 2 ).
Statistical Analysis
Statistical analysis was performed with JMP version 10.0 (SAS Institute, Inc, Cary, NC). Continuous data were summarized as mean (SD), and comparisons were performed with a Student t test. Wilcoxon testing was used to compare nonparametric variables between groups. Discrete variables were expressed as frequencies or percentages, and comparisons were performed using χ 2 test. Intraobserver and interobserver agreement for the evaluation of tortuosity was calculated using the κ statistic 10 in 25 randomly selected subjects. Comparison of patients with and without extracoronary vasculopathy was performed in a group of patients that either had complete screening CT or MRI for detection of vascular abnormalities or had evidence of at least 1 extracoronary vascular abnormality by either conventional femoral angiography, CT, or MRI. Cox proportional hazards regression model was used to identify predictors of SCAD recurrence from the following variables: age, sex, body mass index, hypertension, active tobacco use, migraine headaches, peripartum status, CT screening results for extracoronary vasculopathy, and angiographic signatures including tortuosity score. Kaplan-Meier methods and log-rank tests were used to estimate survival curves for follow-up events. The end point of interest was recurrent SCAD. A 2-sided value of P≤0.05 was considered statistically significant.
WHAT IS KNOWN
• Spontaneous coronary artery dissection (SCAD) is a nonatherosclerotic cause of acute coronary syndrome that is associated with the presence of fibromuscular dysplasia in noncoronary arteries.
WHAT THE STUDY ADDS
• Coronary artery tortuosity is highly prevalent in patients with SCAD and may serve as a marker of SCAD.
• Severe coronary artery tortuosity is associated with recurrent SCAD events, and recurrent SCAD often occurs within segments of tortuosity.
• Angiographic markers of tortuosity including corkscrew vessel appearance and multivessel symmetrical tortuosity are associated with systemic vasculopathy, including fibromuscular dysplasia. 
Interobserver Variability
Intraobserver agreement for evaluation of coronary tortuosity in 25 pilot cases was 0.96 with κ=0.88, for symmetrical tortuosity 0.90 with κ=0.95, and for corkscrew sign 0.95 with κ=0.89 (where κ of 0.41-0.60 indicates moderate agreement, 0.61-0.80 substantial agreement, and 0.80-0.99 excellent agreement). Interobserver agreement for evaluation of coronary tortuosity was 0.92 with κ=0.78, for symmetrical tortuosity 0.90 with κ=0.80, and for corkscrew sign 0.95 with κ=0.89.
Results
A total of 246 patients with confirmed SCAD (45.3±8.9 years; 96% women) were included in the study. Median follow-up duration was 615 days. Clinical characteristics in patients with SCAD compared with controls are included in Table 1 . Twenty-three (9%) SCAD patients had peripartum status at the time of their diagnosis. Patients with SCAD had a low prevalence of traditional cardiovascular risk factors. Control patients had similar age, sex, and prevalence of systemic hypertension (32-34%) compared with patients with SCAD. Other cardiovascular risk factors including hyperlipidemia and diabetes mellitus were more common in the control group.
Tortuosity and Other Angiographic Features of SCAD
Tortuosity was a common finding in patients presenting with their first SCAD episode (78% versus 17% in controls; P<0.0001; Table 2 ). The tortuosity score was significantly higher in patients with SCAD compared with controls (4.41±1.73 versus 2.33±1.49; P<0.0001). On further examination of only SCAD patients who underwent intravascular ultrasound or optical coherence tomography confirmation of diagnosis (n=44), the prevalence of tortuosity was similar (31 [70%] had tortuosity compared with 13 [30%] without tortuosity).
Tortuosity was most often observed in the left circumflex artery, followed by the left anterior descending, and the right coronary artery (Figure 3 ). Tortuosity was more common in nonculprit arteries (n=177; 72%) than culprit arteries (n=139; 57%; P=0.0005). Other tortuosity features including symmetrical tortuosity sign, multivessel symmetry sign, and corkscrew sign were all more common in SCAD than in controls (P<0.05 for all). Peripartum SCAD patients were less likely to have coronary tortuosity ( Table 3) . Coronary FMD and microaneurysms were also more common in SCAD compared with controls (P=0.02 for both). Eight out of 11 patients with known connective tissue disease met the criteria for coronary tortuosity. Intracoronary thrombus was absent in all angiograms. Patients with tortuosity more often had evidence of intramural hematoma (P=0.001) compared with those without tortuosity (Table 3 ). There was no difference in the revascularization rate between groups (Table 3 ).
Angiographic Observations in Recurrent SCAD
A total of 40 patients experienced an episode of symptomatic recurrent SCAD during follow-up. Recurrent SCAD occurred within a specific segment of tortuosity 80% of the time (Table 4 ). Recurrent SCAD often occurred near a vessel bifurcation (in 80% of recurrent events) and often occurred at or near a vessel hinge point. Additionally, on detailed review of areas of previous SCAD on follow-up angiography, a subtle luminal irregularity resembling FMD was observed in 48% of patients ( Figure 4 ). In patients with recurrent SCAD with >5 years between their initial angiogram and most recent angiogram, the degree of vessel tortuosity appeared to remain stable over time. In some cases, sidebranch vessels <2 mm in diameter appeared to elongate and become more tortuous over time.
Extracoronary Vascular Abnormalities
A total of 112 patients underwent screening for extracoronary vascular abnormalities by using a combination of CT angiography, MRA, and conventional angiography. Of these patients, 79 (70%) were found to have evidence of extracoronary vasculopathy. Of these 79 patients, 63 (80%) had evidence of FMD, 6 (8%) had evidence of an extracoronary arterial dissection, 5 (4%) had aneurysmal disease, and 4 (5%) had marked carotid artery tortuosity. On comparison of patients with and without evidence of extracoronary vasculopathy (Table 5) , the coronary angiographic corkscrew sign and multivessel symmetry sign were significantly more common in those with an extracoronary vasculopathy compared with patients without vasculopathy (41% versus 21%; P=0.04, and 25% versus 6%, P=0.01, respectively). Fibromuscular dysplasia was associated with a higher tortuosity score (4.76±1.63 versus 3.82±1.95; P=0.008) and greater prevalence of the angiographic corkscrew sign and multivessel symmetry sign (44% versus 20%; P=0.009, and 27% versus 10%; P=0.03; Table 6 ).
Predictors of Recurrence
On univariate analysis, the only significant predictor of recurrent SCAD was the presence of severe coronary tortuosity (hazard ratio, 3.29; 95% confidence interval, 0.99-8.29; P=0.05). Other variables, including age, sex, body mass index, hypertension, active tobacco use, peripartum status, CT screening results for extracoronary vasculopathy, and angiographic signatures including tortuosity score, were not predictive of recurrent SCAD. Tortuosity score >5 was associated with a trend toward higher risk of recurrent SCAD (P=0.16; Figure 5 ).
Discussion
The major findings of this detailed analysis of signature coronary artery angiographic characteristics in a large group of patients presenting with SCAD are (1) a novel finding of high prevalence of coronary artery tortuosity in patients affected by SCAD; (2) coronary tortuosity is associated with a higher risk of recurrent SCAD; and (3) SCAD is associated with extracoronary vasculopathy, including FMD. Compared with a control population with a similar prevalence of hypertension and cardiovascular risk factors, tortuosity was 4× more common in women with SCAD, suggesting that tortuosity may be useful as a marker of SCAD, particularly in patients presenting with an acute coronary syndrome in whom the diagnosis of SCAD may be uncertain. Several other unique angiographic features seem to be more common in SCAD, including the presence of coronary microaneurysms and FMD.
Another novel discovery of the present study is the association of coronary tortuosity with extracoronary vasculopathies, including FMD. Fibromuscular dysplasia was associated with a higher tortuosity score and greater prevalence of specific markers of tortuosity. The angiographic corkscrew sign and multivessel symmetry signs were significantly more common in patients with evidence of extracoronary vasculopathies, Figure 4 . Evolution of spontaneous coronary artery dissection (SCAD). A patient with acute SCAD initially presented with a diffuse distal left anterior descending stenosis representing intramural hematoma (A). Four days later, partial healing was observed with the appearance of an intimal flap (arrow; B) . Four months later, further healing was observed with residual minor luminal irregularities (arrows) resembling fibromuscular dysplasia (C). lending support to the hypothesis that SCAD is one manifestation of a systemic vasculopathy. Furthermore, 3 of 4 SCAD patients who had screening had evidence of an extracoronary vasculopathy such as FMD, cerebral or thoracic arterial aneurysms, peripheral arterial dissections, or marked carotid tortuosity, a finding that is in concordance with recent investigations. 6 Interestingly, the presence of a negative CT screening evaluation showing no evidence of vasculopathy in the present study did not seem to be protective against recurrent SCAD. Importantly, tortuosity was uncommon in peripartum SCAD patients, raising the possibility of distinct pathophysiologic processes that predispose to peripartum SCAD compared with nonperipartum SCAD.
Pathophysiology of Coronary Tortuosity
There are multiple potential mechanisms by which coronary tortuosity may be involved in the occurrence of SCAD. Although coronary artery tortuosity is a feature that may be found in patients with systemic hypertension and advanced age, it has also been observed more commonly in women than in men. 8 The development of coronary tortuosity requires a disruption in the balance between vessel traction, intraluminal pressure, and retractive forces that ultimately results in vessel elongation. 11 In a canine experimental model, Dobrin et al 11 showed that elastin is responsible for arterial load bearing properties (as opposed to collagen) and that elastin deficiency allows vessel elongation and results in vessel tortuosity. Other investigators have shown that elastin has an essential role in arterial development and its deficiency results in subendothelial smooth muscle cell proliferation. 12 Elastin is largely responsible for the structural integrity of the arterial wall, and its deficiency is strongly associated with aortic aneurysm and dissection formation, particularly in patients with bicuspid aortic valve 13 and other connective tissue diseases. 14 As seen in other arterial tortuosity syndromes, [15] [16] [17] mutations in genes encoding a variety of proteins involved in angiogenesis can contribute to tortuosity, underscoring the need for genetic studies in the SCAD population.
Other potential mechanisms may be related to disturbances of flow. Sharp bends because of vessel tortuosity result in fluid separation and disruption of laminar flow, resulting in high energy loss and increased shear stress on the vessel wall. 18 This increased shear stress may weaken the vessel wall, predisposing to SCAD. Shear stress increases endothelial cell permeability and triggers the release of prostaglandins and stimulation of underlying smooth muscle cells. 19 Tortuosity can result in a reduction in coronary perfusion pressure, leading to ischemia in the absence of luminal narrowing. 18 Arterial tortuosity may also predispose to abnormalities such as kinking and coiling, resulting in flow alterations and reduction in coronary perfusion pressure. In patients with atherosclerosis, shearing forces resulting from tortuosity may influence plaque formation, stress distribution, and occurrence of plaque rupture. In patients with recurrent SCAD, the majority of recurrences occurred within segments of significant tortuosity, implying a pathophysiologic link. Vessel hinge points were also commonly observed in areas of SCAD recurrence, and these hinge points were identifiable on prior angiograms. Dynamic bending and twisting of the coronary arteries during each cardiac cycle, particularly when a weakness is already present (such as elastin deficiency) within the medial layer, may also predispose to SCAD.
Coronary Tortuosity to Aid in the Diagnosis of SCAD
Luminal obstruction in SCAD may occur as a result of an intimal tear with false lumen formation that displaces the true lumen, or solely because of intramural hematoma formation that results in luminal narrowing. As has been recognized by previous investigators, the diagnosis of SCAD can be elusive, with a common angiographic appearance being a diffuse stenosis that may mimic atherosclerosis. 4 The evidence presented in this article of a high prevalence of tortuosity in patients with SCAD may be useful in supporting this often challenging diagnosis. Indeed, the broken line appearance that has been suggested as characteristic of SCAD may be a correlate of coronary tortuosity. 20 Interestingly, tortuosity was more common (80%) than extracoronary vasculopathy (70%) in patients with SCAD who underwent vascular screening, showing that coronary tortuosity may be a more useful clinical association to make the diagnosis of SCAD. Women aged <60 years presenting with evidence of acute coronary syndrome should be carefully considered for SCAD. The presence of tortuosity on coronary angiography should be a potential clue to the diagnosis and should trigger a thorough review for evidence of luminal narrowing, disruption, or reduced flow.
Limitations
Although the present investigation represents the largest series of SCAD patients to date, it is limited by selection and referral bias because of the nature of our practice. Despite control group matching for age, sex, and hypertension, selection bias remains a potential limitation. Tissue histology was not available in any patients, thus limiting inferences regarding mechanisms of tortuosity and relation to the development of SCAD in this population. Extracoronary vasculopathy status was not known in all patients, and thus the prevalence of FMD and other vasculopathies in this population may be underestimated. Future histological studies are needed to further define the pathophysiology of SCAD and relationship with FMD.
Conclusions
Coronary artery tortuosity is highly prevalent in the SCAD population and is associated with recurrent SCAD. Angiographic features of SCAD are associated with extracoronary vasculopathy, including FMD. These findings suggest that coronary artery tortuosity may serve as a marker or potential mechanism for SCAD.
